Abstract: Acting at a cell surface receptor on the extracellular domain of integrin αvβ3, thyroid hormone analogues regulate downstream the expression of a large panel of genes relevant to cancer cell proliferation, to cancer cell survival pathways, and to tumor-linked angiogenesis. Because αvβ3 is involved in the cancer cell metastatic process, we examine here the possibility that thyroid hormone as L-thyroxine (T4) and the thyroid hormone antagonist, tetraiodothyroacetic acid (tetrac), may respectively promote and inhibit metastasis. Actions of T4 and tetrac that are relevant to cancer metastasis include the multitude of synergistic effects on molecular levels such as expression of matrix metalloproteinase genes, angiogenesis support genes, receptor tyrosine kinase (EGFR/ERBB2) genes, specific microRNAs, the epithelial-mesenchymal transition (EMT) process; and on the cellular level are exemplified by effects on macrophages. We conclude that the thyroid hormone-αvβ3 interaction is mechanistically linked to cancer metastasis and that modified tetrac molecules have antimetastatic activity with feasible therapeutic potential.
Introduction
Evidence that is preclinical [1] [2] [3] [4] [5] [6] and clinical [7] [8] [9] [10] indicates that thyroid hormone can support tumor cell proliferation, antiapoptosis, and cancer-associated angiogenesis. Certain of these actions of the hormone are initiated at a thyroid hormone-tetraiodothyroacetic acid (tetrac) receptor on the extracellular domain of integrin αvβ3 [11] [12] [13] . The integrin is expressed primarily by cancer cells and by dividing endothelial cells that are related to cancer [12] . L-Thyroxine (T4) is the primary ligand of this receptor and is effective at physiological concentrations. In contrast, 3,5,3 -triiodo-L-thyronine (T3) is the primary intracellular thyroid hormone analogue and is the principal ligand of the nuclear receptors for thyroid hormone (TRs) [11, 14, 15] . Actions of thyroid hormone that are initiated by the binding of T3 at TRs are designated genomic, whereas effects of thyroid hormones-chiefly, T4-that are initiated outside the nucleus, e.g., at the plasma membrane or mitochondria [11] , are described as nongenomic. However, substantial evidence exists that T4 can act at the plasma membrane to promote via downstream signal transduction a substantial panel of intranuclear events, including specific gene transcription and activation (site-specific phosphorylation) of TRs [11] [12] [13] .
Integrin αvβ3 and its T4 receptor have also been implicated in the process of cancer metastasis [16] [17] [18] . Tetrac in its small molecule formulation acts as a T4 antagonist at the αvβ3 integrin [12] . Tetrac covalently linked to polyethylene glycol (PEG) to prolong its actions at αvβ3 receptor has eliminated breast cancer xenografts that have metastasized to bone ( Figure 1 ). Such direct evidence of the potent antimetastatic activity has prompted this brief review of actions of thyroid hormone and/or tetrac that may be relevant to the process of cancer cell metastasis. We conclude that thyroid hormone as T4 appears to have access via αvβ3 signaling to a substantial number of molecular mechanisms that contribute to metastatic dissemination of cancer cells.
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Cancer Metastasis-Relevant Molecular Mechanisms of Thyroid Hormone Action

Matrix Metalloproteinase (MMP) Gene Expression and Metastasis
MMP-2 and MMP-9 have been implicated in metastasis [20] [21] [22] . The processes of liberating cancer cells from a primary tumor or permitting the seating of circulating tumor cells at a distant site depend upon the solubilizing of the extracellular matrix at the primary lesion and metastatic sites, respectively. MMPs are essential to the process of dissolving of the extracellular matrix during cancer metastasis. A nanopharmaceutical formulation of tetrac as chemically modified nanoparticles (Nanodiamino-tetrac, NDAT) was engineered to extend its life in the pericellular microenvironment of cancer cells or blood vessel cells, and it has been shown that NDAT administration potently downregulates expression of MMP-2 and MMP-9 genes [13, 23] . These observations relate directly to the anticancer activity of NDAT, and thyroid hormone has also been shown to enhance expression and activity of MMPs, e.g., MMP-9 [21] .
Angiogenesis and Metastasis
The rapid growth of primary tumors and of metastases depends upon an ample local circulation, and much attention in cancer treatment has been directed at vascular targets, such as vascular growth Figure 1 . Tetrac covalently linked to polyethylene glycol (PEG) (named P-bi-TAT) was used as treatment in a breast cancer mouse model compared to control and shows the elimination of limb bone metastasis, implicating αvβ3 in the thyroid hormone-metastasis pathway [19] . Images shown were obtained with an In Vitro Imaging System (IVIS); vertical luminescence color bar estimates viability, ranging from nonviable (blue) to fully viable (red). (a) Metastatic luminescent signals of (MCF7-luc) breast cancer control (phosphate buffered saline) in mouse limbs (bones) in an orthotopic mouse model (female nude mice); (b) Metastatic luminescent signals of (MCF7-luc) breast cancer after P-bi-TAT subcutaneous treatment with 3 mg/kg TAT equivalent daily for 18 days shows the elimination of metastasis.
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Matrix Metalloproteinase (MMP) Gene Expression and Metastasis
MMP-2 and MMP-9 have been implicated in metastasis [20] [21] [22] . The processes of liberating cancer cells from a primary tumor or permitting the seating of circulating tumor cells at a distant site depend upon the solubilizing of the extracellular matrix at the primary lesion and metastatic sites, respectively. MMPs are essential to the process of dissolving of the extracellular matrix during cancer metastasis. A nanopharmaceutical formulation of tetrac as chemically modified nanoparticles (Nano-diamino-tetrac, NDAT) was engineered to extend its life in the pericellular microenvironment of cancer cells or blood vessel cells, and it has been shown that NDAT administration potently downregulates expression of MMP-2 and MMP-9 genes [13, 23] . These observations relate directly to the anticancer activity of NDAT, and thyroid hormone has also been shown to enhance expression and activity of MMPs, e.g., MMP-9 [21].
Angiogenesis and Metastasis
The rapid growth of primary tumors and of metastases depends upon an ample local circulation, and much attention in cancer treatment has been directed at vascular targets, such as vascular growth factors (vascular endothelial growth factor, VEGF; basic fibroblast growth factor (bFGF)) or their receptors on endothelial cells. Tumor-supporting blood vessels may be porous, reflecting an angiogenic process that is so rapid that vessels are not fully completed.
The proangiogenic properties of physiologic levels of T4 have been demonstrated in models such as the fertilized chick egg chorioallantoic membrane (CAM) model [24, 25] . Notably, T3 also is proangiogenic, but at higher-than-physiologic concentrations. Thyroid hormone affects transcription of the VEGF and bFGF genes, and of the platelet-derived growth factor (PDGF) gene [2, 26] . Epidermal growth factor (EGF) also has proangiogenic activity, and expression of the EGFR gene is stimulated by thyroid hormone [13] . It may also be noted that modified tetrac (NDAT) affects the activity in the CAM assay of small angiogenic factors, such as angiotensin-2 (Ang-2), lipopolysaccharide (LPS), and bradykinin [27] . Again, the implication here is not only that NDAT has significant antiangiogenic potency, but that T4 manifests proangiogenic activity and may also act at the αvβ3 to support angiogenesis associated with primary tumors and metastatic-relevant angiogenesis.
microRNAs (miRs) and Metastasis
A substantial literature has documented the critical contributions of specific miRs to the metastatic process [28] . The actions of thyroid hormone analogues on expression of specific miRs have not been extensively studied as they may relate to metastasis, but miR-21 and miR-15A are examples of miRs relevant to metastasis and whose expression is differentially regulated by iodothyronines [13] . miR-15A is antiangiogenic and decreases osteosarcoma cell invasiveness [29] and is upregulated by tetrac at αvβ3. The same miR also acts to reduce metastasis by inhibiting multiple components of the TGFβ pathway [30] , which is discussed in more detail in a later section.
The roles of miR-21 in cancer cell biology are numerous [31] . miR-21 increases the metastatic potential of cancer cells, e.g., non-small cell lung carcinoma [32] , and this in part is due to its proangiogenic properties. The abundance of this miR in tumor cells may be decreased by up to 50% in certain tumor cells by tetrac products [13] . Thus, thyroid hormone analogues have actions relevant to metastasis that are initiated at αvβ3 that are mediated by miRs. The effects of tetrac on miRs appear highly consistent with its antitumor and antimetastatic activity. Whether T4 acts at the integrin to regulate these actions and support metastasis is not yet known.
Epithelial-Mesenchymal Transition (EMT) and Mechanism of Metastasis
The link of thyroid hormone, particularly T4, to the EMT has recently been examined [17] . EMT is a cog in the mechanism of metastasis, accounting for the genesis of cells capable of metastasizing [33] . Acing via the hormone receptor on integrin αvβ3, thyroid hormone has been shown to promote EMT. The basis of the process includes induction of β-catenin by the hormone, as well as certain downstream molecular targets of the catenin. It will be of interest to investigate the effects of tetrac and its nanopharmaceutical formulations on EMT, but it is reasonable to expect their potent inhibitory actions on the EMT process.
Transforming Growth Factor β (TGFβ) and Metastasis
The modulation of expression of this gene in normal tissues has for many years been understood to be a function of steroid and thyroid hormone actions [34] . In such tissues, cell proliferation, differentiation, and functional behavior are subject to regulation by TGFβ. T4 has been shown to potentiate TGFβ-induced normal airway smooth muscle cell proliferation, and this potentiation is mediated by the hormone receptor on integrin αvβ3 [35] . The synergism of T4 and TGFβ is blocked by tetrac. In certain noncancer cells, T3 has been shown to inhibit TGFβ action [36] . This hormonal action appears to be nuclear thyroid hormone receptor (TR)-dependent and requires nanomolar concentrations of T3 that are above its physiologic level.
The contributions of dysregulated TGFβ pathway to the processes of oncogenic transformation and of metastasis are also now widely appreciated and have recently been reviewed [37] . In the setting of cancer, the growth factor may contribute to metastasis via actions on angiogenesis, lymphangiogenesis, and transendothelial migration of prometastatic cancer cells [37] . From the observations of Dekkers et al. cited above [35], we know that T4 can support cell proliferation via αvβ3 and we propose that T4 may also do so in the setting of cancer and perhaps act as a potent prometastatic agent. This possibility requires investigation, but from the observations presented above in Figure 1 , it is clear that a tetrac analogue acting at the integrin receptor-an inhibitor of actions of T4 at αvβ3-antagonizes metastasis.
EGF Receptor (EGFR), Metastasis and Angiogenesis
Expression of the EGFR gene by tumor cells is associated with drug resistance, metastasis [38] , and angiogenic support of metastases. Induction of transcription of EGFR by T4-and downregulation of EGFR expression by NDAT-is included below in the 'Selected Cancer Driver Genes' section. Because of its association with drug resistance and metastasis, EGFR protein is an established chemotherapeutic target. The effects on EGFR expression of both T4 and tetrac are highly consistent with their proposed roles as promoter and inhibitor of cancer metastasis, respectively.
Tumor-Associated Macrophages (TAMs) and Metastasis
The TAM is a part of the profile of the premetastatic component of malignant tumors [33] . In inflamed tumors, it may not be feasible to distinguish the inflammation-related macrophage from the macrophage destined to participate in the metastatic process. What we note here is that the macrophages involved in phagocytosis of microorganisms are subject to regulation by thyroid hormone via integrin αvβ3 [39, 40] . Phagocytosis is recognized to be a shared property of macrophages and metastatic cancer cells [33] and appears to be supported by thyroid hormone.
Selected Cancer Driver Genes, Thyroid Hormone Analogues and Metastases
Myeloid cell leukemia-1 (MCL1) gene expression is associated with metastases of various cancers [41, 42] , and tetrac-containing NDAT downregulates this gene [43] . DNA fragmentation factor subunit α is encoded by the DFFA gene; this factor supports apoptosis and thus is seen to be antimetastatic [44] . Expression of this gene is increased by NDAT [13] . The EGFR gene was mentioned above as a target of NDAT. Mutation of the gene is linked to distant metastases, e.g., of lung cancer [45] , and transcription of this gene is significantly reduced by NDAT [13] .
Microarray experiments of cancer driver gene expression in human glioblastoma cells exposed to a new tetrac-containing agent, P-bi-TAT, revealed that expression of at least nine cancer driver genes is significantly downregulated in primary human glioblastoma multiforme cells treated with P-bi-TAT, including AKT1, AKT2, CD4, ERBB2, HRAS, IDH2, KIT, MAP2K7 (MKK7; JNKK2), and MLST8 (GBL; LST8). Of note, ERBB2 transcription was downregulated 2-fold by the agent [46] . Overexpression of ERBB2 has been associated clinically with shorter time to first metastasis in breast cancer [47] and thus chemotherapeutic suppression of transcription of this gene would appear to be desirable. However, progression-free survival can paradoxically be lengthened in the setting of overexpression of ERBB2 [47] , suggesting more complex mechanisms of pathogenesis. In the context of the present contribution, it is important to highlight the convincing clinical and experimental evidence linking at least seven of these P-bi-TAT-suppressed cancer driver genes with metastatic disease in patients diagnosed with multiple types of malignancies, as detailed in Table 1 . Expression of cyclin-dependent kinase 4/6 (CDK4/6) may be increased in metastatic cancer, for example, breast carcinoma metastatic to the brain [79] , and thus the gene is a therapeutic target. P-bi-TAT reduces by 2-fold the transcription of this gene [46] . The actions of P-bi-TAT on ERBB2 and CDK4/6 have several implications. First, because the action of the agent is exclusively at integrin αvβ3, the thyroid hormone-tetrac receptor is involved in control of the expression of these genes. Second, the action of P-bi-TAT is consistent with the possibility that T4 upregulates transcription of the gene, but this issue has not yet been examined directly.
The KIT or CD117 gene codes for a receptor tyrosine kinase that is frequently overexpressed or mutated in breast cancer metastatic to brain [80] . KIT is also a member of the cancer driver gene panel whose transcription is downregulated by P-bi-TAT [46] . Thus, the cell surface receptor for T4 and tetrac is a factor regulating the contribution of the mutated or overexpressed gene to cancer progression and metastasis.
Fibronectin and Metastasis
Thyroid hormone is known to control fibronectin expression via a signal transduction pathway involving phosphatidylinositol 3-kinase (PI3K)/Akt and hypoxia-inducible factor-1α (HIF-1α) [81] . This pathway is regulated from the thyroid hormone receptor on integrin αvβ3 [15] . Plasma fibronectin has been shown to support metastasis, e.g., of lung cancer cells, via induction of tumor cell invasiveness that depends upon activation of integrin αvβ3 [82] . Thus, effects of thyroid hormone on fibronectin expression seems consistent with the proposed role in promoting cancer metastasis.
Discussion
The process of metastasis at the molecular level is now subject to a substantial number of new insights. It is clear that a myriad of factors regulated by tumors and by the tumor host contribute to the metastatic process [33, [83] [84] [85] . As we have noted, actions of thyroid hormone analogues initiated at a receptor site on integrin αvβ3 differentially affect a wide variety of tumor-relevant processes, including cell proliferation, regulation of apoptosis, and control of angiogenesis that is linked to the tumor development and metastatic progression [11] [12] [13] .
The positive impact of spontaneous or medically induced hypothyroidism on cancer patient survival [7] [8] [9] [10] 86] , particularly with the specific withdrawal of T4 in the setting of euthyroid hypothyroxinemia [87] , complements extensive in vitro studies of the proliferative action of thyroid hormone on tumor cells. If hypothyroidism/hypothyroxinemia result in prolongation of survival in cancer patients, then we have to suspect that metastases, as well as primary tumors, are being affected by the altered thyroid state. This caused us in the present brief review to search for evidence in the literature of links between thyroid hormone and the abundance or activity of host and tumor factors that have been shown to support the metastatic process.
There is an abundance of such evidence and much of it is consistent with the involvement of the thyroid hormone receptor on the extracellular domain of integrin αvβ3 on metastatic cancer cells or on endothelial cells. The primary thyroid hormone ligand of this receptor is T4 and unmodified or modified tetrac also acts here. T4 appears to support metastasis and, as reviewed here, tetrac blocks the actions of T4 that are metastasis-promoting. The actions of thyroid hormone analogues on expression of genes that have been associated with metastasis are differential-that is, T4 acts to up-or downregulate gene expression in order to support metastasis. Consistent with this concept, the effects of tetrac and/or its nanopharmaceutical formulations are also differential, but the mirror-image of T4 actions. That is, tetrac inhibits the expression of genes promoting metastasis and T4 activates the expression of genes inhibiting metastasis.
In this review we have emphasized the contributions of thyroid hormone as T4 to the process of metastasis. Others have described the inhibitory effects of thyroid hormone as T3 on cancer growth [88] [89] [90] [91] . The concentrations of T3 used in the studies cited are supraphysiologic (e.g., 10 −8 M), but we have shown that physiologic concentrations of T3 in clinical cancer settings can be associated with tumor growth arrest and sometimes with tumor shrinkage [87] . Thus, the roles of T4 and T3 are very different in cancer.
We have pointed out that there are inconsistencies in the actions of thyroid hormone on expression of certain genes that relate to metastasis; an example of this is thyroid hormone effects on TGFβ expression on several cell lines. Even here, however, there may be a pattern of coherence, in that the hormone suppresses TGFβ expression in noncancer cells and enhances it in the limited number of tumor cells in which this activity has been examined so far.
Conclusions
Multiple lines of well-documented experimental evidence support the concept that thyroid hormone as T4 appears to have access via αvβ3 signaling to a substantial number of molecular mechanisms that promote cancer metastasis. Consequently, T4 antagonist tetrac, and particularly its nanopharmaceutical formulations, have a significant therapeutic potential as potent antimetastatic agents. 
